INTRODUCTION
Complex chromosomal rearrangements having at least three breakpoints involving more than a single chromosome are associated with a variety of clinical phenotypes, including mental retardation and complex congenital abnormalities (1, 2) . Detailed delineation of rearrangements requires the application of advanced molecular cytogenetic techniques, such as fluorescence in situ hybridization, karyotyping and array-based copy number analysis (3 -7) . Recently, massively parallel mate-pair and paired-end sequencing was shown to be a powerful methodology to characterize breakpoints for previously identified (de novo) balanced rearrangements at nucleotide resolution (8 -11) . Paired-end sequencing generally involves the bidirectional sequencing of genomic libraries with short inserts (up to 500 bp), whereas mate-pair libraries are based on larger insert sizes, which allows for much higher genomic coverage per sequenced clone and gives the ability to span repetitive or low-complexity elements that are commonly driving genomic instability events (12) . A major advantage of massively parallel paired-end and mate-pair sequencing over array-based technology is the possibility to detect breakpoints of balanced and unbalanced structural variation at high resolution (11) , making these technologies also well suited for obtaining mechanistic insight into the origin of structural changes.
Several mechanisms have been proposed that could account for the complexity of de novo genomic rearrangements (13) . Non-homologous end joining (NHEJ) can explain the formation of reciprocal translocations following the occurrence of double-stranded chromosomal breaks (14, 15) , although recent studies provide evidence that translocations occur † Mate-pair sequencing data are available at our website (http://fedor21.hubrecht.eu/trio) and the EBI ENA (European Nucleotide Archive) under accession numbers (submission pending). All detected structural variation is available from the supplementary material online. * To whom correspondence should be addressed. Tel: +31 887568901 or +31 302121969; Fax: +31 887568479; Email: e.cuppen@hubrecht.eu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com more frequently in mammalian cells when NHEJ components like Ku70 and the ligase Xrcc4 are missing, implying that alternative end-joining (alt-EJ) mechanisms could mediate translocation formation (16, 17) . Modifications of free DNA ends at sites of double-stranded breaks are frequently observed and deletions are most commonly found (16, 18) . Other hallmarks of DNA junctions formed by end-joining processes are microhomology and inserted sequences (16) .
Recently, a novel replication-based model called fork stalling and template switching (FoSTeS) was proposed to explain the complexity and microhomologies at breakpoints of non-recurrent duplications and deletions associated with genomic disorders (19) . The FoSTeS model is related to another model called microhomology-mediated break-induced replication (MMBIR) (19, 20) . MMBIR is based on the mechanism of break-induced replication (21) and is proposed to account for a variety of complex rearrangements, mainly involving duplications and deletions (22) .
To reconstruct the full complement of molecular events and mechanisms that lead to the formation of complex rearrangements, it is critical to detect and characterize all de novo breakpoints involved. We set out to characterize balanced and unbalanced human structural variation, including inherited and de novo events, at high resolution by performing nextgeneration mate-pair sequencing of a family trio consisting of a child with congenital defects and both his parents. On the basis of our mate-pair data, we predicted 25 de novo rearrangements and confirmed 17 of these by polymerase chain reaction (PCR) and capillary sequencing. Twelve of the rearrangements clustered in small regions on chromosomes 1, 4 and 10. Nucleotide resolution analysis of junction regions shows that a series of simultaneous double-stranded DNA breaks has triggered the formation of these de novo rearrangements, similar to a mechanism, termed chromothripsis, which has recently been proposed for deranged cancer cells (23) . Our data provide evidence that local shattering of chromosomes followed by NHEJ may drive formation of complex constitutional rearrangements involved in congenital defects.
RESULTS

Structural variation detection by mate-pair sequencing of a family trio
We analyzed a male patient with a complex congenital phenotype, involving severe psychomotor retardation, speech delay, hypertelorism and kyphoscoliosis, but no further symptoms that may relate the condition of this patient to a known syndrome.
To identify a putative genetic basis of the phenotypic defects in the patient, we performed standard karyotyping with a resolution of 550 chromosomal bands of the patient and his parents. This analysis revealed a constitutional de novo complex chromosomal rearrangement involving chromosomes 1, 4 and 10 ( Fig. 1) . No imbalances within the translocation breakpoint regions were detected by genomewide segmental aneuploidy profiling using HumanHap 300K BeadChip SNP arrays (data not shown).
To obtain more detailed insights into the structural genomic variations in this patient and into the possible genetic cause(s) of the clinical phenotype, we decided to perform genome-wide mate-pair sequence analysis of the patient and his parents. For each sample between 23.1 and 35.9 million concordantly and unambiguously mapping mate-pair clones with an average insert size of 2.5 kb were generated resulting in 8.7-11.2× average clone coverage per haploid genome (Table 1; Supplementary Material, Fig. S1A ).
Mate-pairs were split into local (mate-pair span , 100 kb) and remote (mate-pair span . 100 kb) categories ( Table 1) . The remote and anomalously mapping local mate-pairs were clustered to predict intrachromosomal rearrangements smaller than 100 kb (deletions, insertions, inversions and tandem-duplications), interchromosomal rearrangements and intrachromosomal rearrangements larger than 100 kb (12, 24) .
To gain more insight into the validity of our predictions and to experimentally determine a cut-off for the number of independent mate-pair clones that should minimally support a prediction of a structural rearrangement (when compared with the human reference genome), we used PCR-based capillary sequencing to verify a set of 66 predicted deletions in the father, mother and child ranging in size between 2.5 and 80 kb (Supplementary Material, Table S1 ). We detected the (approximate) breakpoints of 39 out of 66 deletions and 37 of these were supported by at least 5 mate-pairs in at least 1 of the 3 libraries. For 31 out of 39 confirmed deletions, we could identify a sequence read overlapping the breakpoint. We observed that 27 of these deletions have microhomology of 1 -30 bp at their breakpoints when compared with the reference genome, whereas 4 have an inserted sequence of 6 -86 bp, in line with recent reports (11,25 -28) . In addition to this experimental approach to determine a cut-off for structural variation detection, we also estimated the distribution of the coverage of local mate-pair clones throughout the genome. To this end, we calculated the clone coverage for 5000 genomic DNA segments larger than 100 kb and with less than 500 bp of continuous repeat-masked DNA sequence. We found that 91.6 -96.9% of all bases in these regions are covered by at least five independent matepairs in each of the three libraries (Table 1 Resolving a complex pattern of de novo chromosomal rearrangements at nucleotide resolution We predicted 25 de novo structural rearrangements by filtering the predicted structural changes for variants that were uniquely found in the library of the patient and supported by at least five independent mate-pair clones (Supplementary Material, Table S7 ). To verify these predictions, we performed PCR-based capillary sequencing on DNA from the child and the parents. We obtained patient-specific PCR products for 15 predicted de novo structural changes. Surprisingly, 10 of these 15 confirmed de novo variations occurred in the junction regions on chromosomes 1, 4 and 10 as indicated by the karyogram (Table 2 ). To identify additional de novo breakpoints, we filtered our predictions for rearrangements on chromosomes 1, 4 and 10 that were supported by only four mate-pairs in the child. This resulted in the prediction of two de novo rearrangements involving chromosomes 4 and 10 (Supplementary Material, Table S7; Table 2 ), both of which could be confirmed by capillary sequencing in the patient.
In total, we resolved 12 de novo junction points in confined areas of 2 -3 Mb on chromosomes 1, 4 and 10, resulting in a series of chromosomal rearrangements that are far more complex than indicated by conventional cytogenetic analysis alone ( Fig. 2 ; Table 2 ).
We reconstructed the rearranged chromosomes based on these 12 de novo junction points (Fig. 3) . For the der(1) and the der(4) chromosomes, we could simply follow the junction points (links) as shown in Figure 2B to generate a complete picture of the rearranged chromosomes. This shows that der(4) is a simple translocation chromosome involving one junction between chromosome arm 4p fused tail-to-head to chromosome arm 10q. The der(1) chromosome appeared more complex with an insertion of a segment from chromosome 10 and a fragment from chromosome 4 in between the 4q and 1q chromosomal arms. Both reconstructed chromosomes matched with the der(1) and der(4) chromosomes as shown by the karyotype (Fig. 1 ). The der(10) chromosome shows the highest complexity and we show that the translocation breakpoint area for der(10) is highly complex involving eight rearranged chromosomal fragments derived from chromosomes 4 and 10 and ranging in size from 1188 bp to 2.4 Mbp. In conclusion, our mate-pair data enabled a reconstruction of three rearranged chromosomes with all fusion points described to the nucleotide precise.
In addition to the de novo breakpoints on chromosomes 1, 4 and 10, we predicted five de novo rearrangements elsewhere in the genome for which the two tags of the mate-pairs The breakpoint coordinates and orientation of chromosomal pieces for de novo structural changes. The data are based on capillary sequencing reads across the breakpoints. In many cases, either microhomology between the two fused chromosomal fragments was observed or a random or duplicated sequence was inserted at the breakpoint. H, head; T, tail.
1918 Human Molecular Genetics, 2011, Vol. 20, No. 10 supporting these events map to homologous segmental duplications. We obtained patient-specific PCR products for these five rearrangements (rem8, rem10, rem14, rem17 and anti3) (Supplementary Material, Fig. S3 and Table S7 ). For three of these rearrangements, we also obtained PCR products of distinct sizes for the DNA of the father and the mother. Alignment of the capillary sequencing reads derived from the patient-specific PCR fragments to the human reference genome did not unambiguously lead to the identification of a breakpoint, because the sequence reads aligned with similar E-score to different homologous segmental duplicated regions.
Joining of shattered chromosomal fragments leads to formation of complex de novo structural rearrangements in one event
Next, we attempted to identify potential mechanisms that could account for the complex de novo rearrangements on chromosomes 1, 4 and 10. Careful examination of all fusion points on chromosomes 1, 4 and 10 shows that the links (lines in Fig. 2B ) between different remote chromosomal fragments occur in pairs, with the paired links being in correct orientation with respect to each other; i.e. if one half of a Table S9 for a complete list). Asterisks ( * ) indicate a double-stranded DNA break and paired links.
pair has its head side connected to another chromosomal fragment, the other half has its tail side connected to another chromosomal fragment. This highly interrelated pattern of paired links is indicative of a series of simultaneous double-stranded DNA breaks resulting in free chromosomal ends joined to other free chromosomal ends, which, in turn, also resulted from double-stranded breaks and follow the same orientation rules when connected to yet other chromosomal fragments. In simple form, a similar mechanism accounts for reciprocal translocations where two double-stranded breaks result in four free chromosomal ends which all accidentally join to an incorrect partner forming two derivative chromosomes (31, 32) . We here show that the same mechanism of chromosome breakage and reassembly may also underlie complex rearrangements.
To further substantiate our observations, we categorized the exact sequences at the junction points (Table 2 ; Supplementary Material, Fig. S4) (22, 33, 34) . For six fusion points, we found an insertion of 2 -20 bp between the two fused chromosomal regions. The inserted sequence for one fusion point (de novo 11) forms a small duplication derived from the flanking segment from chromosome 4, indicating that synthesis of DNA may have been involved. Such short insertions are frequently observed for translocation junctions (16, 35) . For five fusion points, we found microhomology of up to four bases and for one breakpoint we observed blunt fusion (9, 10, 16, 35) . Combining position information of adjacent (paired) links indicates that sequences are frequently deleted (up to 5379 bp) at the breakpoints (Supplementary material, Table S9 ; Fig. 2B ). Typically nucleolytic resection from the free ends that result from a double-stranded break involves up to 14 bases (14), but larger losses have been observed in in vitro non-homologous end-joining assays in mammalian cells (16) . Loss of DNA may also result from dropout of a chromosomal fragment that arises from the shattering process (23) .
All together, we observed microhomology, complete absence of homology, microduplications, small insertions and deletions at the junction points between different chromosomal fragments, indicating a non-homologous mechanism of break repair, such as NHEJ or alternative end joining (14, 16, 31) . The concordant pattern of paired links indicates that double-stranded DNA breaks caused simultaneous and locally restricted shattering of chromosomes 1, 4 and 10, resulting in chromosomal fragments that were randomly joined together by non-homologous end-joining mechanisms to form complex derivative chromosomes (Figs 3 and 4) . This process resembles a phenomenon, termed chromothripsis, which was recently proposed to explain complex somatic rearrangements in deranged cancer cells (23) . Our results show that complex constitutional rearrangements may arise from a similar cascade of chromosome breakage and joining.
Since all 12 confirmed de novo structural events in the child were confined to a few mega base on chromosomes 1, 4 and 10, we explored whether the breakpoint regions displayed any distinct sequence characteristics that may promote chromosome breakage. Overall, GC content of breakpoint flanks was within the normal distribution for the respective chromosomes (data not shown). However, we found a slightly increased incidence of known repetitive elements at the 24 breakpoint coordinates (Fisher exact, P ¼ 3.43 × 10 23 ; Supplementary Material, Table S8 ). However, it is unclear how this could lead to the observed complex patterns of doublestranded DNA breaks. (4) and der(10) chromosomes were reconstructed based on the coordinates that we obtained for all de novo breakpoints. Arrows indicate the orientation of chromosomal segments. For the der(1) and der(4) chromosomes, we could generate a complete view of the fused chromosomal segments. However, we could not fully reconstruct the der(10) chromosome, since we did not find any evidence in our mate-pair data for the presumed 13th fusion point that is marked with question marks. Chromosomes and chromosomal fragments have not been drawn to scale. Figure 4 . Model explaining the molecular events that lead to formation of complex rearrangements described in this paper. In a first step, doublestranded breaks (arrow heads) are introduced due to a locally acting exogenous or endogenous stimulus (e.g. ionizing radiation, reactive oxygen species, inadvertent topoisomerase activity). This leads to local shattering of chromosomes. Subsequently, a non-homologous end-joining process reassembles the chromosomal pieces. Joining of fragments may be driven by microhomology or occurs randomly based on fragments that are in close physical proximity. The resulting fusion points in the newly formed derivative chromosomes form concordantly oriented pairs on the reference genome, identical to what we observed for our patient (Fig. 2) .
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To determine whether the cluster of de novo breakpoints occurred between paternal or maternal chromosomes, we searched for informative polymorphic positions in the regions flanking the breakpoints. For one of the regions (4:105,028,395 -105,029,770), we found a single nucleotide polymorphism (rs4699104) for which capillary sequencing showed that the mother carried only the G allele and the father carried the A allele. The G allele was found in the healthy chromosome of the patient, while the A allele was found in the breakpoint regions (Supplementary Material,  Fig. S5 ). This suggests that the rearrangement has taken place in the chromosome of the father. This is in agreement with previous studies showing that paternal chromosomes are frequently a source of chromosomal rearrangements (6, 36, 37) .
DISCUSSION
Here, we reported mate-pair sequence analysis of a family trio to identify genome-wide inherited and de novo structural variation at high resolution. We used long mate-pair libraries (2.5 kb insert size) as opposed to paired-end libraries, which are easier to generate than mate-pair libraries, but the insert sizes are limited to 500 bp. Therefore, with paired-end libraries, it is more difficult to bridge repetitive regions, which are often hypersensitive sites for structural changes (11, 27) . In addition, reliable detection of structural variation requires sufficient physical genomic coverage, which can more easily be reached by long mate-pair libraries.
The long mate-pair sequencing approach used in this study proved to be very powerful to detect complex de novo nonrecurring chromosomal rearrangements in a patient with multiple congenital abnormalities and mental retardation, and it allowed us to characterize the de novo fusion points at the base-pair level. Similar efforts to fine map de novo rearrangement breakpoints were limited to analysis of selected chromosomes and known translocation breakpoints (9, 10) . We demonstrate that systematic categorization of de novo structural variation is possible using mate-pair sequencing in a trio setup, irrespective of prior knowledge on the chromosomal positions of rearrangements in the subject of study. By comparing mate-pair data from the affected child with those from both parents, we were able to base our de novo structural variation predictions on the haplotype structures of the parents. Without parental information, identification of de novo events will be nearly impossible as structural variation within a population is very large (26, 38) , as is also emphasized by this study.
Based on our mate-pair analysis, the cluster of de novo chromosomal rearrangements on chromosomes 1, 4 and 10 appeared much more complex than expected from the karyotyping and segmental aneuploidy analysis, both of which are standard tools in genome diagnostics. There are two explanations for this: (i) our mate-pair data indicate that the vast majority of the rearrangements are balanced and (ii) the rearranged segments involve relatively small chromosomal segments (1188 bp to 2.4 Mb). Although we did observe small imbalances (deletions and duplications) associated with breakpoints regions, these are generally smaller than 50 bp.
We expect that next-generation (mate-pair) sequencing approaches for the detection of de novo structural variation in patients will uncover a much higher complexity of structural rearrangements than is currently seen and will lead to identification of structural changes in patients for whom a genetic diagnosis was thus far unattainable.
In total, we identified 12 fusion points between regions on chromosomes 1, 4 and 10. All of these were clustering in small genomic regions of up to 3.5 Mb in size. We found that the fusions (links) between chromosomes occur in concordantly oriented pairs, similarly as the two fusion points that form a reciprocal translocation after the occurrence of two double-stranded DNA breaks on two different chromosomes (32, 39) . Based on this highly concordant and locally restricted pattern of paired links, we conclude that the complex rearrangements we describe here have been triggered by a cascade of simultaneous double-stranded DNA breaks. It is unclear what caused the double-stranded DNA breaks, but an environmental stimulus, such as free radicals or ionizing radiation, may be involved (14, 32) . We regard it unlikely that the rearrangements resulted from independent events during consecutive cell divisions, since all fusions are tightly interrelated and locally restricted. The pattern of rearrangements that we observed here is reminiscent of a phenomenon, termed chromothripsis, that was very recently reported to underlie somatic rearrangements in deranged tumor cells (23) . Our data show that this mechanism may also be responsible for complex constitutional rearrangements (Fig. 4) .
It appears unlikely that FoSTeS/MMBIR has been driving this complex chromosomal rearrangement. To our knowledge, there is no good explanation on how a replication-based mechanism may account for such a concordant pattern of paired fusion points as observed here. Therefore, we hypothesize that non-recurrent rearrangements that constitute unique and complex disease phenotypes may be triggered entirely by accidental double-stranded DNA breaks induced by an environmental or endogenous factor. The resulting shattered chromosomal fragments are subsequently joined by nonhomologous non-replicative mechanisms (14, 20, 22, 40) .
We likely missed one fusion point involved in the rearrangements on chromosomes 1, 4 and 10, since one of the chromosomal fragments involved has a loose end (Fig. 2B) . Possibly, the fusion point involves a small chromosomal fragment and was therefore missed by our mate-pair analysis. For three fusion points, we identified the presence of small duplicated sequences (Supplementary Material, Table S9 ). Double-stranded DNA breaks may involve staggered nicks and subsequent fill-in of the unpaired sequences can result in small duplications (39) . However, we also identified a larger duplicated segment (.129 bp) based on two segments from chromosome 4 that were linked to the same segment on chromosome 10 (10:57,519,913-57,520,041). Such long duplications have been described before for translocation breakpoints and in this case more complex multistep non-homologous mechanism may be involved in break repair (39) .
One breakpoint that was identified in this study by mate-pair sequencing and not by standard diagnostics disrupts the PCDH15 gene. In addition, three rearranged segments contain protein-coding genes. We have no proof that the de novo rearrangements are in general pathogenic, but in light of the complexity of the phenotype, we regard it likely that at least some of the observed rearrangements may have contributed to the clinical phenotype.
Besides the complex rearrangements involving chromosomes 1, 4 and 10, we detected five apparently de novo rearrangements that appeared not related to the structural changes on chromosomes 1, 4 and 10. It turned out that the ends of the mate-pair clones supporting these five rearrangements mapped to homologous segmental duplications. The rearrangements likely originated independently from the rearrangements on chromosomes 1, 4 and 10 and may have occurred through non-allelic homologous recombination, similarly as the recurring rearrangements that underlie genomic disorders (29, 41) . Future studies should address the de novo rates of pathogenic and non-pathogenic structural changes in families containing healthy individuals to assess the structural plasticity of human genomes.
MATERIALS AND METHODS
Patient material
The Medical Ethics Committee (METC) of the University Medical Centre Utrecht, The Netherlands approved the genetic analysis of DNA from the patient and the parents. DNA samples were previously acquired as part of a series of routine diagnostic screenings of the patient in our genome diagnostics department. We obtained informed consent from the patient's parents to perform genetic analysis of DNA from the patient and the parents and to publish the observed findings.
Karyotyping and segmental aneuploidy profiling
Karyotypes of the patient and his parents were ascertained in stimulated peripheral blood lymphocytes at a 450-band level according to standard procedures. For genome-wide segmental aneuploidy profiling, Infinium HumanHap300 Genotyping BeadChip have been obtained from Illumina, Inc. (San Diego, CA, USA) and used as described (42) .
Preparation of mate-pair libraries and SOLiD sequencing
Mate-paired libraries were generated from 35 to 91 mg DNA isolated from peripheral blood samples. Mate-pair library preparation was essentially as described in the SOLiDv3.5 library preparation manual (Applied Biosystems). We only performed one DNA size selection directly after CAP adaptor ligation to select genomic fragments between 2 and 3 kb. Libraries were cloned and 384 clones per library were picked for capillary sequencing to assess the presence of adaptors, insert sizes and chimerism. To this end, mate-pair inserts were extracted from the capillary reads and blasted to the human reference genome. Mate-pairs with a tag distance larger than 100 kb were regarded as chimeric molecules. We sequenced 2× 50 bp mates for each library. The library of the father was sequenced on two quadrants on a SOLiD V3.5 instrument, and the mother and child libraries were sequenced on three quadrants each.
Bioinformatic analysis of mate-pair reads
The F3 and R3 mate-pair tags were mapped independently to the human reference genome (GRCh37/hg19) using BWA software V0.5.0 with the following settings: -c -l 25 -k 2 -n 10 (43). Mate-pair tags with unambiguous mapping were combined and split into local (,100 kb) and remote (.100 kb) mate-pair sets. Local mate-pairs were further split into matepairs with normal orientation of the tags relative to each other, mate-pairs with inverted tags and mate-pairs with everted tags (12) .
Deletions were called from local mate-pairs with correct orientation and with a mate-pair span larger than 4000 bp and insertions were called from correctly oriented local matepairs with a mate-pair span smaller than 1100 bp. Tandem duplications were called from local mate-pairs with everted orientation and inversions were called from local mate-pairs with inverted orientation. Mate-pairs were clustered based on overlapping mate-pairs with a maximal tag distance of 5000 for deletions, 1000 for insertions, 5000 for tandem duplications and 5000 for inversions. The remote mate-pairs were clustered independent of the relative orientation of the matepair tags (maximal tag distance of 5000). The orientation of the different mate-pair tags in a cluster relative to each other is indicated by H (or h for the minus strand) when the tag has its 'head' side (the side that points towards the start of the chromosome) opposed to the pairing tag and T (or t for the minus strand) when a tag has its 'tail' side (the side that points towards the end of the chromosome) opposed to the pairing tag. We generated raw files with clusters for local deletions, local insertions, local inversion and local tandem duplications and remote rearrangements based on a minimum of two mate-pairs per rearrangement in total. These were used for subsequent filtering steps.
Coverage calculations
To estimate the genome-wide coverage in non-repetitive areas of the genome, we generated a set of genomic segments with less than 500 bp of continuous repeat-masked DNA sequence. From this set, we extracted the largest 5000 genomic segments, and coordinates of these were used to count the number of local and correctly oriented mate-pair tags that overlap any genomic position within these regions. From these calculations, we derived a coverage distribution profile that was used to set a cut-off for the detection of structural rearrangements. Average coverage was determined by calculating the sum of local mate-pairs spans and dividing this by 2× the haploid genome size.
Capillary sequencing of breakpoints and analysis of sequence reads
Primers for breakpoints of structural variants were designed using primer3 software avoiding repetitive elements if possible and according to the orientations that were indicated by the mate-pair tags. For de novo breakpoints, we designed nested PCR primers, while for the set of 66 (inherited) deletions, we performed single PCR reactions. PCR was performed with both Taq polymerase (Invitrogen) and Phusion
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Human Molecular Genetics, 2011, Vol. 20, No. 10 polymerase (Finnzymes) with elongation times of 1 or 2 min for Taq polymerase and 1 min for Phusion polymerase. PCR products were purified from gel when needed. Sequencing reads were aligned to the human reference genome (GRCh37) using BLAST and BLAT software. Hits were analyzed manually to define the exact breakpoint and breakpoint characteristics.
